The Fli-1 proto-oncogene is a member of the ETS family of winged helix-turn-helix transcription factors that bind a purine-rich consensus sequence GGA(A/T) ( The biological function of Fli-1 has been addressed and Ewings sarcoma in children. Mice with a targeted by examining its DNA binding specificity, pattern of exnull mutation in the Fli-1 locus die at day 11.5 of empression during development, and phenotypic effects bryogenesis with loss of vascular integrity leading to in mutant mice. In cell culture experiments, Fli-1, and/ bleeding within the vascular plexus of the cerebral or closely related members of the ETS family, bind to enhancer sequences and transactivate a number of meninges and specific downregulation of Tek/Tie-2, genes involved in vasculogenesis, hematopoiesis, and the receptor for angiopoietin-1. We also show that cell adhesion, including the endothelial-specific vascudysmegakaryopoiesis in Fli-1 null embryos resembles (Athanasiou et al., 1996).
We have previously described the generation of muFriend virus integration, consistent with the conclusion that the targeted Fli-1 locus in these previous studies tant mice with either gain-or loss-of-function mutations in Fli-1. Transgenic mice carrying the murine Fli-1 cDNA was not a null allele (Melet et al., 1996) . Therefore, to evaluate further the role of Fli-1 in mamunder the control of the H-2K k promoter express Fli-1 at high levels in the spleen and thymus, exhibit increased malian development, we have generated, by gene targeting, ES cells and embryos with a null Fli-1 mutation. lymphopoiesis, and develop a severe autoimmune disease culminating in glomerular nephritis (Zhang et al., Phenotypic analysis of mutant and chimeric embryos demonstrated essential functions for Fli-1 in embryo-1995). In contrast, mice with a targeted hypomorphic mutation in Fli-1 are viable but display a mild defect genesis, with Fli-1 Ϫ/Ϫ embryos dying at midgestation with marked defects in vascular development and megain lymphopoiesis (Melet et al., 1996) . The hypomorphic Fli-1 allele expresses low levels of a truncated Fli-1 prokaryopoiesis. tein that arises from an internal translational initiation site and alternative splicing around the neo-selectable Results
marker. This mutant protein retains the known functional domains of Fli-1, including the N-terminal transactivation domain and the DNA binding ETS domain. In addi-
Targeting of the Fli-1 Locus To address the biological function of Fli-1 in vivo, we tion, homozygous Fli-1 TP/TP mice retained susceptibility to erythroleukemia induction by Friend virus, although generated mice carrying a germline mutation in Fli-1 by homologous recombination in embryonic stem (ES) the latency period was significantly increased. Importantly, the mutated Fli-1 allele remained a target for cells. We constructed two targeting vectors, PNTFliZ targeted lacZ reporter cassette during embryogenesis. cells and the endocardium of the heart. The intersomitic blood vessels, aorta, and cerebral blood vessels also exhibited high levels of Fli-1 expression, while lower and FliresZ ( Figure 1A ), designed to replace the DNA expression was observed in the peripheral blood vessels binding (ETS) domain in exon 9 with a lacZ reporter and otic cup. gene and a cassette for positive selection of transformed Vasculogenesis and angiogenesis in the embryo apcolonies. Two independently targeted ES cell clones peared normal until E11.5-E12.5 when multifocal intrawere isolated for each construct ( Figure 1B ) and aggrecranial hemorrhages began to appear ( Figure 2C ). High gated with CD-1 embryos to produce chimeric founders, levels of LacZ expression were detected in endothelial and germline transmission was achieved following matcells of the midbrain and forebrain meninges at the sites ings between chimeric males and CD-1 or C57BL/6 fewhere hemorrhages had occurred. Bleeding at these males ( Figure 1C ). Independent lines of mutant mice sites appeared to be the result of disruption of the vascuwere generated from both PNTFliZ-(Fli-1 Ϫ/Ϫ homozygotes were identified, and, by whole-mount ␤-galactosidase staining and histologias we did not observe any postnatal mortality in this cal examination at E10.5, E12.5, E14.5, and 6 weeks of cross, we proceeded with analysis of embryonic viabilage. We found that heterozygous and homozygous Fli-1 ity. Therefore, we screened embryos from heterozygous mutant ES cells were equally competent to contribute Fli-1 ϩ/Ϫ matings at embryonic days 7.5, 8.5, 9.5, 11.5, to all tissues of chimeric embryos at E10.5, as judged 12.5, and 15 by PCR of DNA extracted from embryonic by the contribution of the AA isoform of glucose-6-phosyolk sac or tail. Fli-1 Ϫ/Ϫ homozygous embryos were presphate isomerase (GPI) from the targeted R1 ES cells ent up to 12.5 dpc (Table 1) , but most displayed obvious (Nagy and Rossant, 1993) (data not shown). However, intracranial hemorrhaging in the midbrain/forebrain by E12.5, significantly fewer LacZ-expressing cells were boundary and in the hindbrain during early to midgestaobserved in the cerebral meninges of chimeric embryos tion, between E9.5 and 11.5 (Figure 2A within the embryo has not been examined. It will be of interest to determine whether the vascular defects observed in both Fli-1 and Tel mutant embryos reflect biochemical interactions between these two ETS proteins in vivo. In addition to the ETS family of transcription factors, embryonic vasculogenesis and angiogenesis require et al., 1993) . There is also in vitro evidence that Fli-1 is study, we characterize the extent of deletions in 11q in involved in megakaryocyte ontogeny. Overexpression a subset of patients, all of whom exhibited dysmegaof Fli-1 in human K562 cells can induce differentiation karyopoiesis and thrombocytopenia. In doing so, we along the megakaryocyte lineage, and, when differentiahave identified a minimal region for dysmegakaryotion is induced with 12-O-tetradecanoylphorbol-13-acepoiesis and thrombocytopenia in Jacobsen syndrome tate (TPA), Fli-1 is upregulated (Athanasiou et al., 1996) . that results in the loss of Fli-1 at 11q24. Therefore, it is Fli-1 expression is also upregulated following Friend likely that hemizygous loss of Fli-1 contributes to the murine erythroleukemia virus (F-MuLV) integration (Ben bleeding disorder that results from defective megakaryDavid et al., 1991), and the resulting erythroleukemia opoiesis in many Jacobsens patients, and further undercell lines express the megakaryocytic genes AchE, PF4, standing of the molecular pathways that regulate megaGpIIb, and VWF (Paoletti et al., 1995) 
